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Abstract 
The most important factor influencing the maximum cutting speed is the absorbed laser power distribution. As the polarization of
the cutting laser beam influences the local absorption, the temperature of the cutting front varies using differently polarized laser 
beams. To determine the local temperature the emission spectra of cuts with a radially polarized CO2-laser were measured and 
compared with emission spectra of cuts with a circularly polarized beam. The spectra were used to determine the space resolved 
temperature by fitting with the Planck black-body radiation in the case of predominantly continuum emission and  with the 
spectral lines of Fe I in the case of spectra dominated by line emission. 
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1. Motivation 
Laser cutting of metals is a well established and well known process. It is one of the most common laser material 
processing procedures in industrial manufacturing. Due to this, every increase of process efficiency and the 
consequential increase of cutting velocity while maintaining the quality implies a high economic potential. The most 
important factor influencing the maximum cutting speeds is the distribution of the absorbed laser power. This 
distribution is given by the beam intensity profile and by the local absorption coefficient which is influenced by the 
local angle of incidence and the local temperature. One possibility to increase the cutting velocity is to adapt the 
polarization of the laser beam. In 1999 Niziev and Nesterov [1] predicted an increase of the cutting velocity by up to 
100% with a radially polarized CO2-Laser as compared to cutting with a circularly polarized laser. Experimental 
results from the IFSW which reveal an increase of the cutting velocity by exploiting radial polarization are presented 
in Figure 1. Figure 1 (a) shows an increase of up to 40% in cutting velocity for quality cuts and Figure 1 (b) an 
increase of 20% to 40% for trim cuts with maximal reachable cutting velocity. Similar results were also presented 
by TRUMPF Laser- und Systemtechnik GmbH [2]. It is known that cutting with circular and radial polarization 
leads to significantly different distributions of the absorbed intensity in the kerf [1]. As a consequence a noticeable 
change of the temperature distribution on the cutting front can be expected. One possibility to determine the 
temperature distribution is to measure the process emissions. Various approaches for an in situ measurement of the 
process emissions have already been proposed. These include the measurement of the emissions coaxial to the laser 
beam with a camera (wavelength-integrated), with fibre coupled spectrometers (spatially integrated) or with a photo 
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diode (wavelength and spatially integrated). By means of these measurements methods only a relative prediction of 
the temperature on the cutting front can be achieved. One problem of the temperature estimation is the high 
dependency of the emission coefficient under varying angles [3]. Another approach presented by Chen [4] was the 
measurement of the process emission through the cutting kerf using an optical fibre and a photo diode with spatial 
and wavelength integration. Woods [5] used a 2-D pyrometer with two wavelengths for an absolute measurement of 
the temperature over the whole cut front. In this study a new measurement with simultaneous spectral and spatial 
resolution of the process emissions from the cutting front is presented. This provides the opportunity to deduce the 
absolute temperature distributions on the cutting front. 
2. Experimental Setup 
In the following, the cutting experiments were performed with a 5 kW TruFlow5000 CO2 – Laser. The used 
cutting parameters are given in Table 1. The cuts were performed in cylinders of stainless steel with an outer 
diameter of 54 mm and a wall thickness of 2 mm. The cutting front was imaged on the entrance slit of a grating 
spectrometer combined with an intensified CCD camera. The rotating cylinder setup was used in order to keep the 
cut surface position constant with respect to the imaging optics. Furthermore, the amount of cut walls seen by the 
optics also stays constant during the measurement. 
(a) (b)
Figure 1: Cutting velocities with different polarized laser beams for (a) quality cuts (b) trim cuts.
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Table 1: Laser cutting parameters 
Parameters Value Unit 
Material X5CrNi18-10 - 
Wall thickness 2 mm 
Power @ work piece 3000 W 
Focal length 155 mm 
Focal Position -1 mm 
Nozzle conical - 
Nozzle Diameter 1.4 mm 
Distance nozzle work piece 0.7 mm 
Gas pressure 12 Bar 
Cutting speed varied m/min 
Figure 2 (a) depicts the side and top view of the experimental set-up. Additionally a sketch of the imaging 
principle with a typical image on the iCCD camera is presented in Figure 2b. The spectrometer we used is an 
ORIEL Instruments MS 260i 1/4 m with a variable width of the entrance slit and an iCCD camera from Andor 
Technologies, with a resolution of 1024x1024 Pixel. Three different diffraction gratings (1200 l/mm, 600 l/mm and 
150 l/mm) can be used for the measurements.  
 (a) (b) 
Figure 2: (a) Experimental Setup, rotational axis and spectrometer. (b) Cut front and resulting image from spectrometer. 
With this experimental setup, a magnification of 2:1 and an entrance slit of 5μm, each measurement line of the 
spectrometer corresponds to the spectral emission of an area of 8μm x 2.5 μm. The exposure time of the camera was 
20 ns and the wavelength resolution of each line was calibrated with a mercury–argon vapor discharge lamp. The 
spectral resolution with the 150 l/mm grating is approximately 2 nm. The spectral response of the optical system 
was calibrated by using a tungsten calibration lamp.  
3. Results and Discussion  
3.1. Temperature determination from continuum emission and measurement accuracy 
All bodies (solid or liquid) with a temperature above 0°K emits a continuum of electromagnetic radiation. The 
properties of this continuum can be described by Planck’s Law [6]. A surface with an emission coefficient of H=1 is 
referred to as black body and exhibits the theoretical emission maximum at this temperature. Technical surfaces 
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such as molten metal or metal surfaces in general have an emission coefficient much lower than one. The emission 
coefficient depends on the angle with respect to the surface, the wavelength, and the microscopic conditions of the 
surface. In some cases it is possible to describe the emission with a constant emission coefficient which does not 
depend on the angle or the wavelength. Such a body is called grey body and its emission can be described with the 
emission of the black body MO,s(T) multiplied by the constant emission coefficient H leading to equation (1). 
(1) 
In case of iron on melting temperature it was not yet clarified whether or not it can be described as a grey body in 
the observed range of wavelengths. The angular aperture of the system is limited to about D|0.8° by the width of the 
cutting kerf. With an angle of the cutting front between 70° and 90° the emission angle is between 1° and 20°. In 
this range it can be assumed that the emission coefficient for the most transition metals such as iron remains 
approximately constant for room temperature as shown in Figure 3 (a). Here the emission coefficient HE is plotted as 
a function of the emission angle E. In Figure 3 (a) the range of the emission angle detected by our experimental 
measurement of the cutting front is highlighted in red. 
 (a) (b) 
Figure 3: (a) Emission coefficient for transition metals [3]. (b) Fitted grey body (dashed line) with measured data (full line) at one position of the 
cut front. 
With the above assumption it is possible to fit equation (1) to a measured spectrum as shown in Figure 3 (b). 
With the fitting parameters H (dimensionless emission coefficient) and T (temperature in K) one can determine the 
temperature of the emitting surface. The good agreement between the fit (dashed red line) and the measurement (full 
green line) shows that the assumption of a constant emission coefficient is valid. This technique allows determining 
the temperature distribution across the whole cutting front. In case of a stable cutting process with the same quality 
results it can be assumed that the temperature profile should not vary too much between several cuts. Figure 5 shows 
several temperature profiles measured for cutting with circular or radial polarization at different cutting velocities. 
The maximum standard deviation is ~80K. The mean value of the standard deviation is ~20K. To evaluate the 
absolute accuracy of this method a fixed and known value is needed for calibration. One possible value is the 
evaporation temperature which in general is well known. With a given amount of evaporation, line emissions out of 
the metal vapour are expected to be detected. In the case of high cutting velocities and radial polarization the 
maximum temperatures at the cut front are close to the evaporation temperature of the used material Tevap. ~ 3133 K 
as shown in Figure 4 (a). Due to the single line emission of Fe I the emitted continuum in Figure 4 (b) is in a good 
agreement with a cutting temperature close to the evaporation temperature. 
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3.2. Temperature profiles 
Figure 5 compares the temperature profiles for three different cutting velocities (4.5 m/min, 6.0 m/min and 7.6 
m/min) for the two polarization states. Figure 5 (a) shows the profile for radial polarization, Figure 5 (b) for circular 
polarization and Figure 5 (c) gives a comparison of both polarization states. Both temperature profiles (a) and (b) 
reveal that higher cutting velocities lead to an increase of temperature. Additionally, as can be seen in Figure 5 (c), 
the direct comparison of temperature profiles for both polarization states reveals that the circular polarization leads 
to a higher temperature than the radial polarization over the whole front and independently from the cutting velocity.  
 (a) (b) 
Figure 4: (a) Maximum temperature at the cut front for varied cutting velocities with radial polarization. (b) Emitted continuum at v=7.6 m/min 
which already shows first line emissions.  
 (a) (b) (c) 
Figure 5: Space resolved temperature profiles for several cutting velocities.  (a) Cuts performed with radial polarization. (b) Cuts performed with 
circular polarization. (c) Comparison of temperature profiles for both polarization states at same cutting velocities. 
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3.3. Temperature determination from line emission 
With the above method it is only possible to determine the temperatures below evaporation temperature. After 
reaching the evaporation temperature, the vaporization process takes place and the emission is then mainly 
dominated by the vapour and not anymore by the surface of the cutting front. Thus, the emission spectrum changes 
from a continuum to a spectrum dominated by line emissions as shown in Figure 6. 
In the line-dominated spectra it is not possible to use the above described method to determine the temperature. 
However the temperature measurement by means of emission lines is already known.  
It is often also used in laser material processing [7] to estimate the electron temperature in plasmas. The method 
also works for metal vapor without any degree of ionization and is described in details in [8]. In this case the 
theoretical spectrum can be calculated from equation(2). 
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Where HOL is the spectral emissivity, h the Planck‘s constant, Aki the Einstein-Coefficient, gk the degeneracy, Z(T) 
the partition function, k the Boltzmann constant, O the wavelength, c speed of light and T the temperature. To 
calculate the theoretical spectra it was assumed that the line profile is only affected by the apparatus function of the 
spectrometer. In this case a grating with 600 l/mm was used. With equation (2) and the assumption of a Lorentz-
distribution for the line shape and an available spectral data [9] it is possible to calculate a theoretical spectrum as 
shown in Figure 6 b. With it, it is possible to identify most of the lines in the measured spectrum which in majority 
are the emission lines of the not-ionized Fe I. However for a reliable temperature measurement the intensity of each 
line is needed. Therefore, each emission line is fitted by a Lorentz function. The integral of this fitted function yields 
the emission HOL for each line. If equation (2) is modified to  
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(3) 
 (a) (b) 
Figure 6: (a) Line dominated spectrum in the lower region of the cutting front at v =8m/min. (b) Measurement with higher wavelength resolution 
with theoretical spectrum.  
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the temperature can be determined from the gradient of the linear dependence between the left part of equation 
(3) and  the energy of the upper state Ek. The gradient is then equal to –(kT)-1. This means that with the presented 
set-up it is also possible to measure the temperature of the hot vapour with the same spatial resolution. 
4. Conclusion 
The present paper describes spatially and spectrally resolved measurements of the cut front. An appropriate 
evaluation of the spectral data allows determining the temperature of the molten surface and the metal vapor in the 
cutting kerf. The temperature of the molten surface was determined by fitting a grey body to the emitted continuum 
with an absolute accuracy of +-100K and a relative accuracy of +-60K. The temperature of the vapor can be 
determined with the Boltzmann plot method. The measured temperatures can be used for a calculation of the process 
efficiency of cutting as shown in [10].  
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